Reperfusion after reversible regional ischemia has been shown to result in delayed recovery of myocardial function, but the mechanism responsible for this phenomenon remains unknown. We explored the potential role of oxygen-free radicals as mediators of postischemic dysfunction in open-chest dogs undergoing a 15 min occlusion of the left anterior descending coronary artery (LAD) followed by 2 hr of reperfusion. Treated animals (n = 19) received an infusion of the oxygen free-radical scavengers superoxide dismutase (SOD; 15,000 U/kg) and catalase (CAT; 55,000 U/kg) for 1 hr starting 15 min before LAD occlusion, while control animals (n = 20) received an equal volume of saline. SOD and CAT produced no discernible effect on heart rate, aortic pressure, or left atrial pressure. Collateral flow to the ischemic zone (radioactive microspheres) was 0.07 + 0.01 ml/min/g in both groups. The size of the occluded bed as determined by postmortem perfusion was 26.1 + 1.2% of the left ventricle in the control group and 26.5 + 0.9% in the treated group. Systolic wall thickening (an index of regional function) was assessed with an epicardial pulsed-Doppler probe. The two groups exhibited comparable systolic thickening under baseline conditions and similar degrees of dyskinesia during ischemia. Nevertheless, recovery of function (expressed as percent of baseline) was considerably greater in the treated dogs, both at 1 hr (43.8 + 14.3 vs 12.8 11.6) and 2 hr of reperfusion (74.2 8.4 vs 31.6 + 9.8, p < .005). This improved recovery of function obtained with SOD and CAT suggests that oxygen-free radicals play an important role in the genesis of myocardial dysfunction after a brief episode of regional ischemia. Circulation 72, No. 4, 915-921, 1985. REPERFUSION after a brief period of experimental coronary artery occlusion results in delayed recovery of regional function despite the absence of myocardial cell necrosis. 1 The mechanism underlying this persistent but ultimately reversible dysfunction, or myocardial "stunning,"' remains unclear. There is, however, mounting evidence to implicate oxygen-free radicals; as mediators of reperfusion injury in various organ systems, including the heart.6 These byproducts of oxygen metabolism, which include the superoxide anion (0-2), hydrogen peroxide (H202), and the hydroxyl radical (OHR), are highly reactive substances capable
of producing marked cellular damage. It has recently been shown that administration of the oxygen free-radical scavengers superoxide dismutase (SOD), a scavenger of the superoxide anion, and catalase (CAT), a scavenger of hydrogen peroxide, results in a significant decrease in infarct size in a canine preparation of 90 min of coronary artery occlusion.7 Furthermore, free-radical scavengers have been reported to improve global ventricular function after prolonged hypothermic ischemic arrest. [8] [9] [10] Results obtained in such preparations of irreversible ischemic injury, or prolonged global ischemia, cannot necessarily be extrapolated to the setting of a brief episode of regional ischemia. Thus, the role of oxygen-free radicals in the pathogenesis of postischemic dysfunction after transient coronary occlusion remains unknown. Accordingly, the present study was undertaken to determine whether the free-radical scavengers SOD and CAT could enhance recovery of function after reversible regional ischemia in open-chest dogs undergoing 15 min of coronary artery occlusion followed by 2 hr of reperfusion. This duration of ischemia was selected because it is well established that it does not result in myocardial cell necrosis,-4 1113 but nevertheless does produce delayed recovery of function.1-' Methods Instrumentation. Mongrel dogs of both sexes weighing 15 to 29 kg were anesthetized with intravenous 30 mg/kg sodium pentobarbital, intubated, and ventilated with room air via a Harvard ventilator. Ventilatory parameters were adjusted on the basis of arterial blood gas determinations to maintain normal pH and satisfactory oxygenation. A polyethylene catheter was positioned in the aorta via the left common carotid artery. The left pleural cavity was entered through the fifth intercostal space and the pericardium was incised. A polyethylene catheter was placed in the left atrium, and a No. 8F Millar pressure transducer was introduced into the left ventricle via an apical stab wound. The left anterior descending coronary artery (LAD) was isolated and encircled with a snare at a site distal to the first major diagonal branch, so as to produce an ischemic zone encompassing approximately one-quarter of the left ventricle. A Doppler flow velocity probe was placed around the LAD distal to the snare. A Doppler ultrasonic wall thickening probe'4 was sutured to the epicardium overlying the portion of the left ventricle to be rendered ischemic, and a second probe was positioned on the posterior left ventricular wall to serve as a control. Aortic pressure, left ventricular pressure, left ventricular dP/dt, left atrial pressure, LAD blood flow velocity, myocardial thickening, and lead II of the electrocardiogram were recorded simultaneously on an eight-channel Gould-Brush recorder (200 series).
Protocol. After baseline recordings were obtained, animals received either 15,000 U/kg (SOD)* (purified from bovine erythrocytes; activity 3000 U/mg protein) plus 55,000 U/kg CAT* (purified from bovine liver; activity 11,000 Sigma units/mg protein) in normal saline, or an equal volume of saline alone. The infusion was administered directly into the left ventricle via the Millar catheter at 0.6 ml/min starting 15 min before coronary artery occlusion, and continued until 30 min after the onset of reperfusion. The LAD was occluded for 15 min and then reperfused. Restoration of flow was confirmed by noting the immediate reactive hyperemic response detected by the coronary flow velocity probe. No attempt was made to resuscitate animals that developed ventricular fibrillation during ischemia or reperfusion. Hemodynamic and wall thickening data were obtained during ischemia and after 30, 60, and 120 min of reperfusion. At the conclusion of the study, the animals were given heparin (6000 units) followed by a lethal dose of potassium chloride, and the hearts were excised.
Determination of size of the occluded bed. A postmortem dual perfusion technique was used to determine the size of the occluded coronary vascular bed. Cannulae were inserted into the LAD immediately proximal and distal to the site of coronary artery occlusion. The distal LAD bed was perfused with normal saline. The proximal LAD and circumflex arteries were perfused in a retrograde fashion with a 0.5% solution of monastral blue dye while the left coronary ostium was digitally occluded. The two vascular beds were perfused simultaneously for 2 min at equal physiologic pressure (100 mm Hg) to prevent flow across collateral channels. The heart was then cut into 1.0 cm slices in a plane parallel to the atrioventricular groove, and all atrial, valvular, and right ventricular tissue was excised. The slices were incubated in a 1% solution of triphenyl tetrazolium *Sigma Chemical Company, St. Louis. chloride (TTC) for 20 min at 380 C to verify the absence of irreversible injury. This agent stains only viable dehydrogenase-containing myocardium dark red. '5' 16 The portion of the left ventricle supplied by the previously occluded LAD (occluded coronary bed) was identified by the absence of blue dye, and separated from the rest of the left ventricle. Both components were weighed to determine occluded bed size as a percentage of the left ventricle.
Regional myocardial blood flow. Regional myocardial blood flow was determined by the radioactive microsphere technique'7 10 min after LAD occlusion. Microspheres (15 + 3 g.m [mean + SD] in diameter, Dupont Co.) were obtained as 1 mCi of nuclide suspended in 10 ml of 10% dextran containing Tween 80. After 2 min of vigorous mixing on a vortex agitator, approximately 2 million spheres were suspended in 3 ml of normal saline and injected into the left atrium over 10 sec, following which the catheter was flushed with an additional 10 ml of saline. Beginning 15 sec before and continuing for 2 min after injection, a reference blood sample was withdrawn from the aorta with a Harvard pump at a constant rate of 4.05 ml/min. After postmortem perfusion and TTC staining, four transmural samples (1.0 to 1.5 g) were obtained from both the occluded and nonoccluded beds. To avoid admixture of ischemic and nonischemic tissue, ischemic samples were obtained at least 1 cm inside the margin of the unstained region. 18 Each tissue sample was weighed, and all samples were subsequently counted for 5 min in a gamma counter. Regional myocardial blood flow was calculated by standard methods.17
Regional myocardial function. Regional myocardial function was assessed with a pulsed-Doppler epicardial wall thickening probe. Theoretical and experimental validation of this technique has been previously published. '4' 19 In brief, the pulsed-Doppler technique uses a single epicardial transducer to determine systolic myocardial wall displacement by digitally integrating the velocity of myocardial layers passing through the range-gated sample volume. A representative example of the wall thickening tracings obtained with this probe is illustrated in figure 1 . The beginning and end of systole were determined from the onset of the upstroke of the left ventricular pressure tracing and peak negative dP/dt, respectively. Systolic thickening fraction was calculated by dividing net systolic thickening by end-diastolic wall thickness as determined by the range gate depth. Net systolic thickening was defined as the maximal systolic increase in wall thickness from the end-diastolic values.20 When paradoxical wall thinning persisted for 50% or more of systole, the maximal extent of wall thinning was subtracted from wall thickening.20 Thickening fraction determined by the Doppler method correlates closely with thickening fraction measured with two ultrasonic transit-time crystals. 14 ' 19 The use of the Doppler probe is advantageous, however, in that the single epicardial transducer eliminates the trauma of intramyocardial crystal insertion that occurs with the transit-time method.
Statistical analysis. All values are reported as mean ± SEM. Student's unpaired t test was used to compare mean values between control and treated animals, while the paired t test was used to analyze intragroup variation. A p value < .05 was considered indicative of statistical significance.
Results
Of the 51 dogs initially instrumented, one (treated group) died of ventricular fibrillation during ischemia, and nine died during reperfusion (four in the control group and five in the treated group). The protocol was discontinued in one dog from each group because coro- There were no significant differences between treated and control groups throughout the study.
these hemodynamic variables (table 1) . During coronary occlusion, both groups exhibited a significant (p < .0001) increase in left atrial pressure and a significant (p < .02) decrease in arterial pressure, with no consistent change in heart rate. No significant hemodynamic differences developed between the groups throughout the course of the study. The two groups were closely comparable with respect to both size of the occluded bed and coronary collateral blood flow (table 2). Occluded bed size was 26.1 ± 1.2% of the left ventricle (20.2 + 0.9 g) in the control group and 26.5 ± 0.9% of the left ventricle (23.5 + 1.4 g) in the treated group. Transmural ischemic zone blood flow was 0.07 ± 0.01 ml/min/g in both groups. Blood flow to the nonischemic zone was also similar: 1.16 ± .09 mllmin/g in control dogs and 0.99 ± 0.09 ml/min/g in the dogs given SOD plus CAT (NS).
Systolic thickening fraction in the control (nonischemic) region remained similar in the two groups throughout the study (table 3) . Baseline systolic thickening fraction in the LAD-dependent territory was 32.8 ± 1.8% in the control group and 34.3 ± 1.8% in nary artery occlusion failed to produce dyskinesia. Analysis of data was thus carried out for 20 control dogs and 19 treated dogs. The presence of TTC staining confirmed the absence of irreversible injury in all animals.
Hemodynamic results are summarized in figure 2. There were no significant differences between the two groups with respect to preocclusion heart rate, mean arterial blood pressure, or mean left atrial pressure. Infusion of SOD and CAT did not appreciably affect the treated group (NS). There was no significant change in thickening fraction with infusion of SOD and CAT (table 1). The results of serial measurements of systolic thickening expressed as a percentage of baseline are displayed in figure 3 . The two groups did not differ with respect to systolic thinning (dyskinesia) during ischemia. Nevertheless, there was improved recovery of function after reperfusion in the animals treated with SOD and CAT. Systolic thickening recovered to 43.8 + 14.3% of baseline in treated animals vs only 12.8 + 11.6% in controls after 1 hr of reperfusion (p = .09), with further improvement to 74.2 + 8.4% of baseline in the treated group vs only 31.6 ± 9.8% in the control group after 2 hr of reperfusion (p < .005).
Discussion
This study demonstrates that the oxygen free-radical scavengers SOD and CAT significantly enhance recovery of myocardial function after reversible regional ischemia. Regional systolic function after 15 min of coronary artery occlusion and 2 hr of reperfusion recovered to 74% of baseline in the treated group as compared with only 31% in the control group (p < .005). SOD and CAT did not produce any hemodynamic changes that might account for this beneficial effect. Furthermore, the two groups were virtually identical with respect to collateral blood flow and size of the occluded bed. These findings provide evidence that toxic oxygen metabolites play an important role in the genesis of regional postischemic myocardial dys-function. Other studies have suggested a role for oxygen-free radicals in the dysfunction that follows hypothermic global myocardial ischemia,°0 as well as in the cellular destruction associated with myocardial infarction.7 No previous study, however, has implicated free radicals in the delayed recovery of function that occurs after a brief episode of regional ischemia unassociated with myocardial cell necrosis.
The phenomenon of myocardial stunning was first demonstrated by Heyndrickx et al., who noted persistent depression of regional function after 15 min of coronary artery occlusion and 3 hr of reperfusion. Using the same duration of ischemia, Kloner et al.3 demonstrated functional recovery of only 12% after 90 min of reperfusion, with improvement to 58% at 3 days. In the present study, recovery of function in the control group was 13% of baseline at 1 hr, with improvement to 32% at 2 hr, and was thus somewhat greater, but nevertheless comparable to that observed by Kloner et al. Although the intramyocardial crystal insertion required in these previous experiments inevitably results in some tissue injury, this factor was virtually eliminated in the present study with the use of the single epicardial Doppler probe.
Despite considerable investigative effort, the cause of persistent dysfunction after a brief episode of ischemia remains unknown. Myocardial ATP concentration decreases rapidly after coronary artery occlusion,4 and some studies have suggested a parallel between replenishment of ATP and recovery of myocardial function.3 21 More recent investigal have failed to substantiate this hypoth sults suggest an alternative mechanisi tribute to myocardial stunning: the gei toxic oxygen-free radicals.
Oxygen-free radicals have been pr fled as mediators of cell injury in a pathologic processes,25 including pul toxicity,26 radiation injury,27 and vario conditions.28 Increasingly, interest has role in the setting of ischemia and rep injury has been convincingly linked to duction in the small intestine,29 kidne nervous system.3' Recent investigatiol plicated oxygen-free radicals in myo( emic injury. Jolly et al. 7 have demon cant reduction in the size of myocardia the administration of SOD and CAT i aration of 90 min of coronary arter' lowed by reperfusion. The administral cal scavengers has produced impro. global left ventricular function in is( cardiopulmonary bypass preparations pothermic global ischemia.8-' In ad has recently reported that treatment w cantly improves contractile performan perfused septal preparation subjected mia followed by reperfusion. Our dC observations to the dysfunction that o regional myocardial ischemia in the in mic animal, and thus, for the first tir dence that free radicals play a signifi setting of transient coronary occlusio Many physiologic processes are kn production of oxygen-free radicals33' actions, electron transport processes chondria and endoplasmic reticulum, intracellular autoxidation of various compounds, arachidonic acid metabolism, and the activation of phagocytic cells. The source of oxygen-free radicals in tissues subjected to ischemia and reperfusion is not yet clear. Under normal conditions, approximately 2% of the oxygen metabolized within the mitochondria undergoes univalent reduction,35 a process that results in the production of oxygen-free radicals.36 Ischemia-induced mitochon- The activated neutrophil, which produces superoxide anion, hydrogen peroxide, and the hydroxyl radical,28 constitutes a potential extracellular source of free tions, however, radicals. Acute myocardial ischemia results in comple- iesis. 24 Our rement activation with production of C5a, a powerful m that may con-chemotactic factor.38 Compelling evidence to support neration of cyto-the neutrophil as a mediator of postischemic damage is provided by a recent investigation in which antibodyreviously identi-induced neutrophil depletion resulted in a significant i wide range of decrease in infarct size. 39 served by Reimer and Jennings is not in conflict with iown to result in our findings, since the production of superoxide anion 34 : enzymatic re-via xanthine oxidase is only one of several potential within the mito-sources of oxygen-free radicals. Furthermore, we as-sessed contractile function in a preparation of reversible ischemia, in contrast to Reimer and Jennings, who assessed size of infarction in a preparation of irreversible myocardial cell injury. Although extrapolation of experimental data to man must be done with caution, the results of this study may have therapeutic implications. There are numerous clinical settings of transient myocardial ischemia in which postischemic dysfunction may occur: unstable or variant angina, cardiac transplantation, open heart surgery with cardioplegic arrest, or acute myocardial infarction with early reperfusion (either spontaneous or induced with thrombolytic therapy). The presence of myocardial stunning in these situations may be associated with significant left ventricular dysfunction and its potential serious sequelae. Our results suggest that enhanced recovery of myocardial function under these varying clinical circumstances may be achieved with the elimination of toxic oxygen radicals.
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